Introduction
With increased focus on interoception, the perception of the body's internal state (Craig, 2002; Khalsa et al., 2018) , there is a growing need to scrutinise the methods used to quantify individual differences. Measures of cardiac interoceptive accuracy (e.g., the heartbeat counting task; HCT; Dale & Anderson, 1978; Schandry, 1981) remain the most commonly used. This is despite evidence that several factors (e.g., physiology; heart rate knowledge; Khalsa, Rudrauf, Sandesara, Olshansky, & Tranel, 2009; Murphy, Brewer, Hobson, Catmur, & Bird, 2018; Ring, Brener, Knapp, & Mailloux, 2015) may influence performance on these tasks.
Despite scrutiny of cardiac interoception paradigms, it appears that only two studies have examined whether the use of different devices for quantifying objective heartbeats (e.g., pulse oximetry vs. electrocardiogram (ECG)) influences performance. These studies suggest that performance does not depend on the method used, whether one compares ECG versus wrist palpation or chest auscultation (Calì, Ambrosini, Picconi, Mehling, & Committeri, 2015) or ECG versus a hard-clip finger pulse oximeter (Nicholson, Williams, & Grainger, 2018) .
Whilst these studies suggest measurement device does not affect performance, both studies utilised between-participants designs. Given large individual differences in HCT performance (e.g. Murphy et al., 2018) , such designs likely lack sensitivity to detect an effect of measurement device. Furthermore, even if the device used does not influence performance, it may change the bodily location from which the heartbeat is perceived. Evidence suggests the heartbeat is most commonly perceived via the chest (Khalsa et al., 2009; Nummenmaa, Hari, Hietanen, & Glerean, 2018) , but the use of a finger pulse oximeter may result in the heartbeat being perceived in the finger.
J o u r n a l P r e -p r o o f 4
The present studies compared HCT performance, within-participants, using three measurement devices. In Study One, we compared an ECG, hard-clip pulse oximeter and a smartphone application (hereafter 'APP'). As well as accuracy, confidence and insight (interoceptive metacognition), we examined the influence of device on the location from which the heartbeat was perceived. Both the APP and pulse oximeter likely direct attention to the finger (as participants are aware that heartbeats are recorded from this location), but only the oximeter exerts pressure on the finger. We predicted that the finger pulse oximeter would increase intensity ratings at the finger, improving HCT accuracy. For any observed differences in accuracy, we aimed to quantify whether this resulted in a population-based change (a mean change in scores) or influenced participant rank-order (had a differential effect on scores across individuals). In Study Two, we compared ECG with hard-clip and soft-clip pulse oximeters to determine whether the effects observed in Study One could be replicated and would extend to soft-clip pulse oximeters.
Method
Participants 80 neurotypical adults took part. Due to equipment failure, 13 datasets were lost, resulting in 67 cases (Mage=23.15, SDage=6.05; 38 Male) . Three participants were missing one trial. For these, we averaged across valid trials or, for correlations, entered the mean score.
For 'other ratings' (see Method) one participant rated multiple locations with differing intensities and this trial was removed. Ethical approval for both studies was granted by the local ethics subcommittee.
Procedure
During the 60-minute session, participants completed four trials of the HCT using each device (hard-clip pulse oximeter (CMSD50+; Contec, China), ECG (BIOPAC Systems, J o u r n a l P r e -p r o o f 5 UK), and a custom-built smartphone application that recorded heartbeats using camera-driven photoplethysmography (BioBeats, UK). Interval duration (22,32,42,98 vs. 25,35,45,100 vs. 28,38,48,103, vs. 31,41,51,106 seconds) was latin-square counterbalanced, and interval order was randomised. Five participants completed the same interval duration for more than one device, and, due to randomisation issues, some participants completed the same interval order for more than one device. This did not influence the results (supplement [S2]). Half of participants completed the hard-clip pulse oximeter first, with the order of ECG vs. APP counterbalanced.
Prior to the HCT, participants were given detailed instructions (supplement [S1]).
After each trial, participants rated their confidence (Total guess/no heartbeat awarenessComplete confidence/full perception of heartbeat) and how much/intensely they felt their heartbeat in 9 locations (chest, finger, neck, ears, stomach, legs, head, back, other; not at allfull perception), all on 0-10 scales.
Results

Scoring and analysis strategy
HCT accuracy per trial was scored using the equation ((1 -(|Actual number of heartbeats -participant's estimate|/Actual number of heartbeats)) x 100)). For each device, the average of the four trials completed was calculated. Insight was calculated by taking the absolute difference between accuracy (converted to a 0-10 scale) and confidence. The r-peaks of the ECG and hard-clip pulse oximeter waves were visually inspected and counted by two raters (inter-rater reliability was excellent; τb=. 973, p<.001; intraclass correlation =.998, F(129, 129)=616.93, p<.001) . All analyses were conducted in SPSS and JASP 10.2.0.
Greenhouse-Geisser corrections were utilised where appropriate, with Bonferroni corrections employed for follow-up tests (corrected values are denoted by pc). Spearman correlations J o u r n a l P r e -p r o o f 6 were used to establish whether the different devices resulted in a change in rank order for accuracy, confidence and insight. Kendall's Tau-b correlations were also used for all other correlations due to violations of normality. Data for both studies is available at https://osf.io/9p2f5/?view_only=a345ed12a2514131b6ef07fc25604afe.
Descriptive statistics and correlations
Descriptive statistics and Spearman correlations are presented in Table 1 and Figure   3a -c.
Performance across devices
One-way repeated measures ANOVAs were used to compare accuracy, confidence and insight across devices (hard-clip pulse oximeter, ECG, APP Confidence did not differ between the ECG and APP (t(66) =1.60, pc>.250, d=.20) . Insight did not differ across devices (F(2,132)=1.541, p>.20, ηp 2 =.02) ( Figure 1 ).
As heart rate varied across devices, we controlled for heart rate in additional analyses
, which revealed the same pattern of results. The data were also examined for order effects. Simple effects revealed that the difference between the ECG and hard-clip pulse oximeter accuracy was only observed when the oximeter was completed last (p<.001), not first (p>.250; supplement [S7-S8]). Task order (pulse oximeter first or last) did not affect the finding of increased sensation in the finger during the hard-clip pulse oximeter condition (supplement [S7, S9]).
Perception of heartbeat intensity across locations and devices
The relationship between perceived bodily location of heartbeat and accuracy
To examine whether increased finger intensity ratings during the pulse oximeter condition contributed towards increased accuracy, we calculated hard-clip pulse oximeter-ECG and APP-ECG difference scores for accuracy, confidence, finger and chest intensity 
Study Two
The results of Study One suggest that hard-clip pulse oximeters may influence accuracy and the bodily location from which heartbeats are perceived. What remains unclear is whether these results extend to soft-clip pulse oximeters, which may produce less sensation in the finger, as they exert less pressure on the finger. This question was addressed in Study Two.
Method Participants
Power analyses (conducted in G*Power) on the accuracy difference observed between the hard-clip pulse oximeter and ECG (Study One) suggested that 28 participants would provide >80% power to replicate this effect (two-tailed). 31 neurotypical participants took part in exchange for a small honorarium (Mage =32.48, SDage=11.40, 12 Males).
Procedure
The procedure was identical to Study One except a soft-clip pulse oximeter was used in place of the APP ('soft' mount PureLight sensor; Nonin Medical Inc., MN, USA). 3 interval durations were utilised (25,35,45,100 vs. 28,38,48,103, vs. 31,41,51,106 seconds) that were counterbalanced across participants. Interval order was randomised and the order of conditions (hard-clip vs. soft-clip vs. ECG) was fully counterbalanced across participants. To determine if finger-sensations were related to finger size, the circumference of the finger under the cuticle was measured using a ring sizer.
Results
Scoring and analysis strategy
Recording during all conditions was completed using the ECG, with r-peaks scored using Acqknowledge software. All data were collected and visually inspected by one experimenter, with r-peaks manually counted to ensure accuracy. For participants reporting multiple locations for 'other' ratings (N=6), the average intensity rating was utilised. Scoring methods were otherwise identical to Study One.
Descriptive statistics and correlations
Descriptive statistics and Spearman correlations are presented in Table 2 and Figure   3d -f.
Performance across devices
One-way repeated measures ANOVAs were used to compare accuracy, confidence and insight across devices (hard-clip pulse oximeter, ECG, soft-clip pulse oximeter). For accuracy, there was a main effect of device (F(2,60)=9.34, p<.001, ηp 2 =.24; Figure 2 ). Heart rate did not differ across devices (F(2,60)=.01, p>.250), and no interaction with order was observed for the above analyses (all interactions p>.250).
Perception of heartbeat intensity across locations and devices
A 3 (Device: hard-clip pulse oximeter, ECG, soft-clip pulse oximeter) x 9 (Location: chest, finger, neck, ears, stomach, legs, head, back, other) repeated measures ANOVA was used to examine whether intensity ratings differed across locations and devices. A main effect of location was observed (F(8,240) A device x location x order ANOVA was also conducted, but no significant effects of order were observed (all ps > .15). Finger intensity ratings were not correlated with finger size for either pulse oximeter (both p>.190) .
The relationship between perceived bodily location of heartbeat and accuracy
To examine whether increased finger intensity ratings during the hard-clip pulse oximeter condition contributed towards increased accuracy, we calculated hard-clip pulse oximeter-ECG and soft-clip pulse oximeter-ECG difference scores for accuracy, confidence, finger and chest intensity ratings. Increased accuracy during the hard-clip pulse oximeter condition, relative to the ECG condition, correlated positively with increased finger intensity ratings during the hard-clip pulse oximeter condition, relative to the ECG condition (τb=.301, The same analyses were completed for the soft-clip pulse oximeter-ECG difference scores. Increased accuracy during the soft-clip pulse oximeter condition, relative to the ECG condition, was not significantly correlated with increased finger intensity ratings during the soft-clip pulse oximeter condition, relative to the ECG condition (τb=.138, p>.250; nor for the chest, τb=.009, p>.250) (see Figure 5) . The same pattern of significance was observed for 
Discussion
This study investigated whether the device used to measure heartbeats in cardiac interoception tasks influences accuracy and the bodily location from which heartbeats are perceived. We aimed to quantify whether any observed effect of device resulted in a population-based change (change consistent across individuals), or a change in participant rank-order (differential change across individuals). Results across both studies showed that accuracy, confidence and insight scores across devices were correlated. In both studies, accuracy and confidence were higher when the hard-clip pulse oximeter was used. In Study One, accuracy for the ECG was also higher than the APP. In Study Two, accuracy and confidence for the ECG and the soft-clip pulse oximeter were not significantly different.
Across studies, differences in accuracy between the ECG and the hard-clip (but not soft-clip) pulse oximeter correlated with increased perception of heartbeat at the finger.
These data suggest that the use of different measurement devices results in a change in scores that is (relatively) consistent across individuals, as evidenced by moderate-strong correlations across all devices in both studies. As such, they argue against combining or comparing HCT scores across participants or groups where different measurement devices have been used (e.g., Nicholson et al., 2018 As noted above, the HCT has been criticised due to its vulnerability to various psychological and physiological confounds (Khalsa et al., 2009; Murphy et al., 2018; Ring et al., 2015; see Murphy et al., 2018 for recent methodological recommendations). This short task was selected to enable a within-subjects design and allow measurements to be taken in a single session, given evidence of state effects on accuracy (Wittkamp, Bertsch, Vögele, & Schulz, 2018) . Moreover, as these studies were conducted within-participants, several psychological and physiological factors impacting on performance (e.g., beliefs; Ring et al., 2015) were controlled. Furthermore, there is no reason to suppose that these results would differ for any other measure of interoception requiring perception of heartbeats.
These data suggest that the device used to record objective heartbeats in cardiac interoception tasks may influence accuracy and confidence, and the bodily location from which the heartbeat is felt. These data argue against combining or comparing scores across different devices and caution against the use of hard-clip pulse oximeters. . Raincloud plots were created using tools detailed in Allen et al., (2019) . 
